Evolutionary innovations are dependent on mutations. Mutation rates are increased by adverse conditions in the laboratory, but there is no evidence that stressful environments that do not directly impact on DNA leave a mutational imprint on extant genomes. Mutational spectra in the laboratory are normally determined with unstressed cells but are unavailable with stressed bacteria. To by-pass problems with viability, selection effects, and growth rate differences due to stressful environments, in this study we used a set of genetically engineered strains to identify the mutational spectrum associated with nutritional stress. The strain set members each had a fixed level of the master regulator protein, RpoS, which controls the general stress response of Escherichia coli. By assessing mutations in cycA gene from 485 cycloserine resistant mutants collected from as many independent cultures with three distinct perceived stress (RpoS) levels, we were able establish a dose-dependent relationship between stress and mutational spectra. The altered mutational patterns included base pair substitutions, single base pair indels, longer indels, and transpositions of different insertion sequences. The mutational spectrum of low-RpoS cells closely matches the genome-wide spectrum previously generated in laboratory environments, while the spectra of high RpoS, high perceived stress cells more closely matches spectra found in comparisons of extant genomes. Our results offer an explanation of the uneven mutational profiles such as the transition-transversion biases observed in extant genomes and provide a framework for assessing the contribution of stressinduced mutagenesis to evolutionary transitions and the mutational emergence of antibiotic resistance and disease states.
Introduction
Mutations provide the variation upon which natural selection acts, especially in bacteria that do not readily recombine. In investigating variation in evolution, the greatest focus has been on the rate at which mutations occur. It is now understood that the mutation rate is not constant and environmental stress, disease states, and other factors change the mutation rate (Bjedov et al. 2003; Matic 2013) . The assumption, ever since Darwin, has been that variation due to mutations is random and so it is believed that understanding the supply of mutations (mutation rate and population size) is sufficient to understand variation in populations. A possible fallacy in this assumption is that the same mix of random mutational events is not brought about by environmental factors that change mutation rates. If a different mix of mutations is environmentally controlled, then selection may act differently depending on the available mutations. We here test the randomness of mutational spectra at different levels of perceived stress; our finding demonstrate that the spectrum of mutations changes markedly at different mutation rates bought about by altered stress regulation and stress-induced mutagenesis (SIM).
Previously, the spectrum of mutations has been studied from two directions. One approach to the mutational spectrum come from genome comparisons and these are based on DNA sequences that have undergone many cycles of selection. Natural selection favours those mutations that confer a selective advantage, thus the mutational spectrum obtained by comparison of sequences from natural populations obscures the original mutational picture. To avoid such selection bias, researchers have adopted sites to analyse in genomes that are less subject to selection pressure, such as the last base of 4-fold degenerate codons (Francino and Ochman 1999; Hudson et al. 2003; Ochman 2003; Rocha et al. 2006; Hildebrand et al. 2010) or pseudogenes (Mitchell and Graur 2005) . More recently, a different approach has involved the determining of mutational spectra in a wide variety of organisms in the laboratory using mutation accumulation (MA) experiments (Haag-Liautard et al. 2007; Denver et al. 2009; Ossowski et al. 2010; Lee et al. 2012; Zhu et al. 2014 ).
An unresolved problem is that the genomics and MA studies consistently reveal different mutational spectra. For example, transition/transversion (Ti/Tv) ratios are considerably lower in MA experiments than found between related natural isolates (Denver et al. 2009; Hershberg and Petrov 2010) . This discrepancy in mutational spectra between MA experiments and genome comparisons has been interpreted in a number of different ways, including differences in growth environments between laboratory settings and nature (Denver et al. 2009 ). In most MA experiments, organisms are repeatedly grown in relaxed environments with little or no selection pressure. In addition, they are also bottlenecked to one or two individuals for hundreds of generations to accumulate mutations in a neutral fashion (Lee et al. 2012) . In contrast, organisms in nature have to cope with numerous stressors especially starvation for one or more essential nutrients (Ferenci 1996) . A key question is whether adaptation to adverse conditions actually leaves environment-specific molecular imprints on genomes. Of course, environmental stressors that have a direct chemical effect on DNA, such as UV radiation, leave-specific sequence effects (Hutchinson and Donnellan 1997) but mutational spectra in environments that do not directly impact on DNA, such as with starvation or osmotic stress, are much less well investigated.
Our understanding of how environmental signals affect mutational processes has been hampered by the lack of reliable methods to assay stress-associated mutational spectra in the absence of selection. This problem is exemplified by the SIM debate involving the aging/starvation dependent increase in mutation rates (Matic 2013) . In SIM, the mutations were identified by analysing drug-resistant mutants in aged, nutritionally stressed colonies of bacteria (Foster 2007) . Also, mutations have been analysed in rpoB in aged rifampicin resistance (Rif R ) colonies (Bjedov et al. 2003) , but critics have argued that some mutations in rpoB have growth advantages during prolonged starvation (Roth et al. 2006; Katz and Hershberg 2013) . Thus selection as well as stress could bias spectra. A further problem in previous studies is that it is difficult to control different levels of stress needed to detect the environmental effects on mutational spectra; for example, aging colonies probably suffer from changing stress levels over time. Thus, to analyse stress-induced spectra, a robust system is required where one can assay different types of mutations under controlled levels of stress.
Another frequent approach to obtaining spectra is to analyse lac reversion mutants containing mutations in lacI (Drake 1991; Hudson et al. 2003) . A problem here as well as in rpoB mutants is that an incomplete set of mutational types (point or frameshift mutations) are being considered. Because global mutation rates are due to a mix of different types of point mutations, small and large indels and transpositions involving insertion sequences (IS), a complete picture of mutational spectra using these target genes is not possible. A better target is to obtain cycloserine resistant (Cyc R ) mutants affecting cycA. Cyc R mutants show no or very minor fitness changes relative to Cyc S bacteria in different growth environments (Feher et al. 2006; Trindade et al. 2012 ) and unlike Rif R or lac reversion mutants, Cyc R is conferred by a wide spectrum of loss of function mutations including different types of point mutations, small and large indels, and IS transpositions at many points in the cycA gene (Feher et al. 2006) .
One consensus conclusion from studies of SIM in several laboratories is that prolonged aging and associated starvation stress involves a regulatory mechanism common to that seen in the general stress response (Bjedov et al. 2003; Layton and Foster 2003; Galhardo et al. 2007; Gutierrez et al. 2013) , in which RpoS (also known as S ), an RNA polymerase sigma factor and master regulator of stress (Hengge-Aronis 1993), plays a central role (Layton and Foster 2003; Shee et al. 2011; Al Mamun et al. 2012 ). As we show here, this understanding of the regulatory environment associated with SIM now allows both a dosage-dependent analysis of mutation rates and the influence of SIM on mutational spectra at different levels of perceived stress, as discussed in this study.
The strategy developed here is to obtain mutational spectra at different perceived stress levels using the recently constructed set of Escherichia coli strains with different but fixed amounts of RpoS (Maharjan et al. 2013) . We employ this set of synthetic strains as a proxy for different level of nutritional stress in SIM. The strain set was recently shown to exhibit a concentration dependent, saturable relationship between RpoS level and mutation rates in several genes (Maharjan and Ferenci 2014) . Here, we demonstrate that only subsets of mutations are responsible for increased mutation rates under different stress conditions. To avoid selection issues with spectra, we isolated drug-resistant mutations under conditions that do not involve selection for growth fitness. Hundreds of individual cultures based on the LuriaDelbr€ uck fluctuation test were used to isolate individual mutants. In this study, by analysing hundreds of different types of mutations from three different perceived stress levels, we provide evidence for the influence of stress dosage on different types of mutations in cycA. We find that some types of mutations are stress-affected whereas others are not, so the spectrum is a function of stress dosage. The stress-altered spectrum also provides a possible explanation of the discrepancy in Ti/Tv ratios observed in MA experiments and genome comparisons.
Results

Synthetic Strains Are Suitable for Mutational Spectrum Analysis
To identify the stress dose-dependent changes in mutational spectra, we focused on three synthetic strains of E. coli that exhibit different levels of expression of the general stress response. Strains BW5206, BW5205, and BW5208 have been engineered to express low, medium, and high levels of RpoS relative to RpoD, the house-keeping sigma factor that is maintained at constant levels regardless of external environmental conditions (Maharjan et al. 2013) . The RpoS/RpoD ratios in these strains were comparable in three different conditions, including exponential and stationary phase (supplementary fig. S1 , Supplementary Material online and [Maharjan et al. 2013] ). In nature, strains of E. coli exhibit a high degree of heterogeneity in RpoS levels (King et al. 2004; Chiang et al. 2011) . We chose these three strains based on the range of RpoS levels in wild strains (King et al. 2004) . The lowRpoS strain BW5206 expresses very little RpoS (i.e., RpoS/ RpoD = 0.003) and resembles bacteria growing exponentially or bacteria with defective rpoS (Spira et al. 2008) . The medium level (BW5205, RpoS/RpoD = 0.31) and high-RpoS level (BW5208, RpoS/RpoD = 0.78) strains represent medium and high-end RpoS expressing strains during starvation, respectively (King et al. 2004; Maharjan et al. 2013 ). Finally and most importantly, the chosen strains also exhibited low, intermediate, and saturable stress-induced mutation rates with the set levels of RpoS (Maharjan and Ferenci 2014) .
Mutation rates to Cyc R in the cycA gene were measured by using the Luria-Delbr€ uck fluctuation method and resulted in rates of 0.6 Â 10 À7 (95% CI, 0.4-0.8 Â 10 À7 ), 1.5 Â 10 À7 (95% CI, 1.1-1.9 Â 10 À7 ), and 1.7 Â 10 À7 (95% CI, 1.3-2.1 Â 10
À7
), mutations per cycA per generation for low-, medium-, and high-RpoS bacteria, respectively. A detailed spectrum analysis was thus possible to test for changes in mutational patterns at different SIM levels in these strains. The Luria-Delbr€ uck fluctuation method was also used to generate 123-201 independent Cyc R mutants from the same number of independent cultures of each of the three synthetic strains under identical growth conditions (see Materials and Methods for details). The independent isolates from each strain were obtained in three or four independent experiments so we could test the reproducibility of the results. In total, we generated 485 Cyc R mutants, 201 from low-RpoS, 123 from medium-RpoS, and 161 from high-RpoS strains, respectively. We then sequenced the entire length of cycA in all 485 Cyc R mutants to identify mutations. Each independent mutant harboured a single mutation.
Four main types of mutations were found in these mutants: Base pair substitutions (BPSs), single base pair indels (SBIs), large deletion and insertion indels, and transpositions involving several IS elements ( fig. 1 ). All the identified mutations with their frequencies are listed in supplementary table S1, Supplementary Material online. The position of these mutations across the cycA gene was largely unaffected by different levels of perceived stress so resistance mutations were in common mutational targets in the different RpoS strains. Therefore, we expect to have no bias in our analysis of the mutational spectrum due to a selection-dependent shift in targets within the gene. This finding extends the observation that Cyc R mutants do not have altered growth fitness under laboratory growth conditions (Feher et al. 2006 ). Altogether, the use of the synthetic strains with no fitness change and the broad range of Cyc R loss of function mutations make this approach suitable for mutation spectrum analysis.
Heterogeneous Effects of Stress on Different Types of Mutations
In order to understand the effect of RpoS on all types of mutations in figure 1, we estimated the mutation rate for each class of mutation in all three strains (see Material and Methods for details). As shown in figure 2, the BPSs, SBIs, longer deletion and insertion indels as well as transposition events all changed as a function of RpoS or perceived stress level.
As shown in figure 2a and b, BPSs and SBIs were found to be the most sensitive to the general stress response and occurred at 0.71 Â 10 À7 and 0.35 Â 10 À7 per cycA gene per generation, respectively, in high-RpoS bacteria. These rates were 4-and 14-fold higher than the rate of 0.16 Â 10 À7 for BPSs and 0.03 Â 10 À7 for SBIs in the low-RpoS cells, respectively (P ( 0.05 for BPSs and P ( 0.05 for SBIs). The increase in BPSs and SBIs rate was apparent in the medium-RpoS strain, so the changes already occurred at a perceived stress level corresponding to stationary phase in normal bacteria that regulate their RpoS in response to stress.
The effects of stress on other types of mutations were more irregular. For example, IS transposition rates (combining all types of IS element) were higher with medium-RpoS than in the low-and high-RpoS bacteria ( fig. 2d ). Among the five different types of IS transposition found, IS1 and IS150 accounted for more than 80% of the total transpositions (supplementary table S1, Supplementary Material online). It is reported that environmental stresses such as nutrient availabilities (Naas et al. 1994; Sousa et al. 2013) study by Sousa et al. (2013) , IS1 transposition was the major contributor in IS transpositions in low-stress (low RpoS) cells. Interestingly, IS150 transposition was elevated at the medium-RpoS level (P ( 0.05) but actually decreased from the medium-RpoS level at high RpoS (P < 0.05) ( fig. 3g-i ). The rate of IS1 movement in strains with medium-and high-RpoS levels was not statistically different when compared with the strain with low-RpoS level (P 4 0.05). However, when comparing strains with medium and high-RpoS levels, the reduced transposition of both IS1 and IS150 was found to be significant (P < 0.05). This nonlinear relationship between stress and IS transpositions could be the reason why there are discrepancies between the most frequent IS transpositions identified in MA experiments and long-term stab-culture studies (Naas et al. 1994; Sousa et al. 2013) . Transpositions are stimulated at lower levels of perceived stress than are SBIs and BPSs, which suggests that transpositional mechanisms have evolved to sense less stress in cells for optimal survival of the IS elements.
Longer indels (up to 20 bp insertions or deletions) were increased significantly at higher RpoS (P < 0.5 for both cases) but not to the same extent as seen with BPSs and SBIs ( fig. 2c) . Not all indels were affected by RpoS and especially those larger than 20 bp were not stress-induced (P 4 0.5) ( fig.  3j-l) .
Altogether, the general stress response has different effects on different types of mutations. This means that SIM sensed through RpoS is not a uniform elevation of all mutational types. Nevertheless, this unexpectedly complex and nonlinear stress-dose response to mutagenesis may explain inconsistent estimation of mutation rates in bacteria (Drake 1991; Drake et al. 1998; Lee et al. 2012; Sousa et al. 2013) . As discussed next, the uneven changes between mutations, especially among SBIs and BPSs, suggest that there are tractable mutational signatures of SIM mediated by the general stress response.
SBIs Are Induced by Stress
As shown in figure 3d-f, rates for all types of SBIs were elevated significantly by stress. There were more than a 12-fold higher SBIs rate in high-RpoS cells compared with unstressed cells (P ( 0.05). When investigating the rates for each of four possible SBIs, we found that deletion SBIs occurred at significantly higher rate than insertion SBIs (P < 0.05) ( fig. 3e and f) , which is a hallmark of DinB involvement in their generation (Wagner and Nohmi 2000; Kobayashi et al. 2002) . In addition, it has been also reported that reduced mismatch repair (MMR) increases SBIs (Garcia-Diaz and Kunkel 2006). RpoS is involved in both upregulation of cellular DinB levels (McKenzie et al. 2001; Layton and Foster 2003) and reduction of MutS. The observed increase in SBIs in higher RpoS strains is thus likely to be due to the combined effects of reduced MMR and increased error-prone DNA polymerase. We have shown elsewhere that mutS is downregulated and dinB upregulated in members of the strain set with higher RpoS levels (Maharjan and Ferenci 2014) . 
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Stress Effects on Mutational Spectra . doi:10.1093/molbev/msu306 MBE In order to match our SBI rate at different stress levels to other published comparisons, we calculated the BPS/SBI ratio. The BPS/SBI ratios for the medium-and high-RpoS cells were 2.05 and 2.03, respectively. In contrast, the BPS/ SBI ratio of 6.04 for the low-RpoS cells is closer to the ratio of 10.33 found in the E. coli MA experiment (Lee et al. 2012 ). The observed difference in ratios between low-RpoS cells and the MA experiment (Lee et al. 2012 ) is possibly due to the loss of some of lethal indels during the MA experiments, as could occur in any indel in an essential gene. In contrast, the loss of function in cycA is not lethal. The purging of indels through growth selection is also evident from the stark difference in the distribution of indels in genomic comparisons, with a ratio of 39.69 for coding and 5.71 for noncoding regions of genomes in bacteria (Chen et al. 2009 ). The rapid elimination due to purifying selection (Perna et al. 2001 ) makes SBIs unsuitable for tracing stress over evolutionary time, even though our study showed that indels are strongly affected by SIM.
Some but Not All BPSs Rates Increase with Increasing Stress Levels
To identify the point mutations affected by stress, we compared the mutation rate for each of the six possible BPSs: AT!GC, GC!AT, GC!TA, GC!CG, TA!AT, and AT!CG. The base changes in cycA in low-RpoS cells were relatively even among the six possibilities, but the rate for four of the six bases increased 4-to 7-fold with increasing RpoS levels ( fig. 3a-c) . Thus as cells sense stress, they begin to favor particular base changes. As shown in figure 3a-c, both transition mutations (Ti), AT!GC and GC!AT, as well as two of the four transversion mutations (Tv), GC!TA and AT!CG, were significantly affected by RpoS level (P < 0.05).
The changes in BPSs rates with RpoS also pointed to a possible role of stress levels in the Ti/Tv ratios and the bias toward transitions. Generally, the Ti/Tv difference observed in comparing related genomes is higher than the random theoretical expectation of 0.5 and is often much higher, ranging from 2 to 3 (Ochman 2003; Hershberg and Petrov 2010) . One suggested factor that could contribute to this bias has been suggested to be transcription coupled mutagenesis (Hudson et al. 2003; Ochman 2003 ), but it is unclear whether this is the only explanation. The results in figure 3 indicate that Ti/Tv also changes with increasing levels of RpoS. We found Ti/Tv of 0.82 in low-RpoS cells, whereas it was 1.15 for medium and 1.36 for high-RpoS bacteria (table 1). The low Ti/Tv ratio of less than 1 with diverse organisms in low-stress MA studies is comparable to our low-RpoS findings (table 1) . Our results at different RpoS levels suggest that at least part of the increased Ti/Tv ratio in extant genomes may be due to SIM. Furthermore, our results suggest an explanation of why mutational spectra and Ti/Tv ratios obtained in controlled laboratory (MA) experiments differ from those in comparing mutations between genomes.
BPS Ratios As Indicators of Prior Stress States
An important finding was that the GC!CG and TA!AT mutation rates remained largely unchanged across three different RpoS levels ( fig. 3a-c) . Therefore, these mutations can provide a baseline for standardizing other base changes as a function of RpoS concentration. For example, the ratio of GC!AT:GC!CG mutations changed from 4 to 22 in stressed as against unstressed bacteria (fig. 4) . The ratios for other BPSs standardized to either GC!CG or TA!AT as a function of stress are shown in supplementary figures S2 and S3, Supplementary Material online. In each case, as shown in the examples in figure 4 , there is in each case an increasing trend between the mutation rate ratios and the increasing level of RpoS in the strains, consistent with the demonstrated increase in stress-induced mutation rates between the three strains (Maharjan and Ferenci 2014) .
These different ratios suggest that it should be possible to estimate the contribution of stress effects in published experiments on mutational spectra. For this purpose, we estimated the BPS ratios from the base changes published in the recent E. coli MA experiments (Lee et al. 2012) . As shown in figure 4, we found that BPS ratios in the MA consistently interpolated to between the low-and medium-RpoS levels, irrespective of whether we use GC!CG or TA!AT changes as the reference. Our results are thus consistent with the view that the level of stress is low in MA studies. MA experiments involve subculture of organisms on fresh media with little ageing between transfers (Lee et al. 2012) , so the bacteria are largely in an unstressed state.
Understanding stress-induced spectra may have an even more useful application, namely to assess the historical contribution of stress to evolution in the wild. We thus compared genomic BPS ratios between E. coli K-12 and O157 strains (Perna et al. 2001 ) to see if this evolutionary divergence within the species gave any indication of stress involvement. As shown in figure 4 , the O157/K-12 BPS ratios for AT!GC and GC!AT to GC!CG or TA!AT interpolate to a higher level of RpoS, to a more moderate stress level.
Of course, in the evolution of pathogens, mutational and selective factors besides stress can contribute to the emergence of E. coli O157. Interestingly, the O157 BPS ratios of two transversions, AT!CG and GC!TA did not interpolate to the higher level of stress, in contrast to the two transitions (supplementary figs. S1 and S2, Supplementary Material online). These lower transversion ratios in wild genomes might be due to the general genome-wide selection bias against transversions because they are more likely to produce deleterious missense point mutations than synonymous mutations (Zhang 2000) . In contrast, the lack of purifying selection in our system allowed all types of mutations including transversions to be evident. Nevertheless, our results suggest that stress contributions to genome evolution can be seen in AT!GC and GC!AT to GC!CG or TA!AT, and can serve as signs of the SIM contributions to mutational spectra.
Discussion
These results describe for the first time SIM-specific mutational spectra as a response to environmental stress controlled through RpoS. The level of RpoS elicits a heterogeneous response, with different effects on different types of mutation ( fig. 3) . Importantly, the observation of these heterogeneous RpoS-dose responses was only possible because of the use of synthetic strains with fixed levels of perceived stress. Given the nonlinear changes in some types of mutations (e.g., IS movements) as a function of perceived stress levels, extremely careful manipulation of culture conditions and environmental control would be necessary to reveal these patterns with wild-type bacteria. The synthetic strain approach is thus a major development in understanding the complex nature of stress-mutation relationships. In this respect, the tight control of perceived stress in synthetic strains provides a clear advantage over traditional SIM approaches using aged colonies and cultures with uncontrolled levels of stress (Bjedov et al. 2003; Foster 2005) .
The use of the cycA gene to follow mutational events as a function of stress also has definite advantages over previously used target genes. There appeared to be no selective bias toward any particular type of mutation or residue in cycA in different strains at different RpoS levels. The use of the Luria-Delbr€ uck method and overnight cultures, as well as the absence of selective growth fitness advantages of Cyc R mutants, suggests that the mutational spectra observed in this study are driven by perceived RpoS nutritional stress rather than fitness selection. This avoids the problem with aged colonies that selective advantages for mutations in genes used in SIM studies may bias the spectrum. For example, mutations in rpoB confer growth advantages during prolonged starvation in aged colonies (Roth et al. 2006; Katz and Hershberg 2013) . This question of selection has indeed been one of the main arguments of sceptics of SIM (Roth et al. 2006 ). This argument is not tenable for the mutations we studied.
The breadth of mutational types followed here is unprecedented in SIM studies. The loss of function mutations in cycA were due to a broad collection of mutational types, in contrast to previous studies, in which SIM was mostly studied by analysing rifampicin (Rif R ) or valine (Val R ) resistance or lacreversion mutants. Rif R mutations are limited to point mutations in certain regions of rpoB (Wolff et al. 2004) , Val R and the lac reversions studied are mainly conferred by frameshift mutations (Lawther et al. 1981; Slechta et al. 2002) . Given Cyc R is conferred by a wide variety of loss of function mutations in cycA ( fig. 1) , our approach allowed us to investigate much wider effects of stress on different types of mutations. This breadth made it possible to obtain the main finding of this study, namely the heterogeneous response of both mutational spectra and stress-dose responses to SIM (fig. 3 ).
One clear difference between the cycA mutations analysed in detail here and other studies is the prominent appearance of short indels. Because most indels are highly deleterious in coding sequences, they are likely to be counter-selected in naturally evolved genomes as well as in MA experiments. Indels in essential genes are more likely to be subject to purifying selection leaving them only in nonessential genes or genome regions such as repeat sequences in the MA experimental approach (Lee et al. 2012 ). This could be the main reason why MA experiments (Lind and Andersson 2008; Lee et al. 2012) reported fewer indel mutations than found in our study. Therefore, the mutational spectra in cycA in the synthetic strains serve as an important resource for fully understanding the effects of stress on different types of mutational processes, especially SBIs.
The mutations in cycA allowed us to compare the biases in mutational patterns due to levels of RpoS as against the spectra observed in nature or in MA experiments. For instance, BPS mutation patterns in most bacteria as well as in higher organisms are strongly biased toward transitions (Ti), which is believed to be due to transcription-coupled mutagenesis or some natural selection-like processes such as biased gene conversion (Ochman 2003; Hershberg and Petrov 2010) . Bacteria with deficient DNA repair functions have also been shown to have strong mutational biases (Lind and Andersson 2008; Lee et al. 2012 ), but most genome comparison studies ignore their possible contribution to the observed Ti/Tv ratios, assuming the expression of repair function is not significant in nature. However, MutS, a protein essential for detecting mismatches in DNA and directing it for repair (Su et al. 1988) , is highly sensitive to environmental stresses and regulated by cellular RpoS level (Gutierrez et al. 2013 ). The two Ti mutations, AT!GC and GC!AT, are usually a hallmark of MutS deficiency. The increased AT!GC and GC!AT transitions found in this study ( fig. 3a-c) are consistent with an RpoS-mediated downregulation of MutS in the strain set (Maharjan and Ferenci 2014) and thus a shift in Ti/Tv ratios.
Nevertheless, the Ti/Tv ratio of 1.36 wi.h high RpoS ( fig. 3  and table 1 ) is still notably lower than the 2-3 found in genome comparisons. A possible reason for this is the elevated GC!TA and AT!CG transversion mutations in cycA observed with high RpoS. The source of these transversions is as yet unexplained. One possibility is that it is due to reduced DNA repair normally carried out by MutT. The MutT reduces the accumulation of 8-oxo-dGTP in cells, but in MutTdeficient bacteria it is accumulated at higher concentration resulting in GC!TA and AT!CG transversion mutations during DNA replication (Schaaper and Dunn 1987; Tajiri et al. 1995; Yamada et al. 2012) . There is no previous study of whether an increase in RpoS in cells affects mutT expression. Another possible cause of the elevated rate of GC!TA and AT!CG transversion rates with RpoS is the upregulation of error-prone DNA polymerase PolIV (DinB), which plays an important role in the incorporation of oxidized nucleotide (8-oxo-G) into newly synthesised DNA (Foti et al. 2012) . Indeed, DinB level is higher in stressed cells as a function of RpoS elevation (Layton and Foster 2003; Gutierrez et al. 2013; Maharjan and Ferenci 2014) . Transcription of other DNA polymerases such as PolII (polB) and PolV (umuDC) has also been suggested to increase besides dinB during stationary phase batch culture (Corzett et al. 2013) , so these may also influence the spectrum.
Extremely interesting was the finding that our lowest Ti/Tv ratios of 0.83 in low-RpoS cells was comparable to that found in MA experiments ( fig. 3a-c and table 1) . Most MA studies involve subculture of organisms on fresh media with little ageing between transfers (Lee et al. 2012) , so it is consistent with an environment resulting in unstressed bacteria, that is, with low-RpoS levels. In contrast, organisms in nature in fluctuating environments often face multiple stress challenges. The higher ratio at elevated RpoS and perceived stress is thus a possible partial contributor to higher Ti/Tv ratios in mutations between genomes.
An important development arising from this study is the possibility of using BPS ratios as mutational signatures of stress ( fig. 4) . A least the low-RpoS BPS ratios are matched by the spectrum in low-stress MA experiments. Also interesting is that intra-species divergence between E. coli K-12 and O157 strains has BPS ratios evident at higher RpoS levels. The tentative conclusion is thus that mutation in natural environments is influenced by stress. However, it is worth noting that in our study changes in ratios were strictly RpoS-dependent. Although RpoS plays in central role in SIM, other stresses such as envelope or membrane stress, UV and oxidative stress can independently influence the mutational spectrum and BPS ratio. In addition, some RpoS-independent causes give raise to similar mutational patterns. For example, both RpoS-dependent stress and UV cause GC!AT transitions in prokaryotes, eukaryotes, and plants (Drobetsky et al. 1987; Alcantara-Diaz et al. 2004; Ossowski et al. 2010) , making it hard to distinguish between mutational processes operating in complex environments. Nevertheless, given RpoS plays a central role in SIM, it is a possibility that stress contributions to genome evolution can be inferred from BPS ratios, as shown in this study.
One disadvantage of focusing narrowly on RpoS in the synthetic strain set is that the involvement of other regulatory inputs into SIM is not taken into account. For example, membrane stress regulated by RpoE, a RNA polymerase sigma factor E, and the SOS response due to double strand DNA breakage are also involved in SIM (Gibson et al. 2010; Al Mamun et al. 2012) . Separate strain sets for each of these inputs are needed and would shed light on the relative contributions of these inputs and their effects on mutational spectra.
In conclusion, environmental stress controlled through RpoS elicits a heterogeneous response, both in mutational spectra and in nonuniform stress-dose responses. Some but not all BPSs and all single base indels are the most significant changes during SIM; these happen to be the mutations assayed in the earliest test of SIM in ageing colonies (Bjedov et al. 2003; Foster 2007; Galhardo et al. 2007 ). RpoS dosage also influenced transpositions and large indels in a nonlinear manner. The newly obtained spectrum changes also offer a novel alternative to previously stated explanations of Ti/Tv bias in extant genomes. Our spectral analysis suggests that the oft-used MA experiments exhibit the imprint of an unstressed environment. The discrepancy in mutation rates and Ti/Tv bias between MA experiments and naturally evolved genomes is likely to be due to environmental stress effects. Taking together, we conclude that stress leaves a detectable signature on genomes and our findings provides a framework for tracking stress contribution to evolutionary transitions. Detecting the mutational signature of stress has implications not only for the evolutionary relationships of prokaryotes but also higher organisms and even in medicine. For example, mutational spectra of certain types of somatic mutations have been linked with cancer and the activity of mutagens or lack of certain types of DNA repair mechanisms (Greenman et al. 2007; Alexandrov and Stratton 2014) . Perhaps stress has a role here too.
Materials and Methods
Bacteria Strains and Estimation of Mutation Rate
Bacterial strains used in this study are listed in table 2. Acquisition of resistance to cycloserine from cycloserine-sensitive E. coli (Cyc S !Cyc R assay) was used to determine mutation rates. A single colony of each strain was inoculated in 5 ml Luria broth (LB) and allowed to propagate overnight at 37 C with shaking at 200 rpm. The overnight cultures were diluted in 5 ml fresh LB medium and allowed to grow to an optical density of 0.6 at 600 nm. The exponentially growing cultures were further diluted 10,000-fold and 150 ml distributed in 40 wells in 96-well plates and incubated at 37 C with shaking at 200 rpm. Aliquots (50 ml) were then plated on cycloserine plates. The cycloserine plates consisted of 0.2% w/v glucose, 40 mM cycloserine (Sigma-Aldrich), and 1.5% w/v agar in minimal medium A (Miller 1972) . The plates were then incubated for 24 h at 37 C to detect Cyc R mutant colonies. For total colony forming unit (CFU) counts, aliquots of appropriately diluted cultures were plated on LB-agar plates. The mutation rates were then estimated from number of resistant colonies per culture and the total CFU counts by using the Luria-Delbr€ uck fluctuation test (Luria and Delbr€ uck 1943) and Ma-Sandri-Sarkar maximum likelihood analysis (Sarkar et al. 1992) . The fluctuation analysis calculator (FALCOR) web tool (Hall et al. 2009 ) was used for the analysis.
Determination of Mutational Spectrum in cycA
The mutation spectrum in synthetic strains with different fixed level of RpoS was determined by sequencing the entire length of polymerase chain reaction (PCR) product of cycA in Cyc R mutants. A total of 485 Cyc R mutants (123 from BW5205, 201 from BW5206, and 161 from BW5208) from as many as independent cultures from the LuriaDelbr€ uck fluctuation test were randomly chosen for PCR using the primer set: cycAF1 (5 0 -CCCGTAAGCGTGTATTTT TG-3 0 ) and cycAR1 (5 0 -CCTGGAAAGCGATGTATAACG-3 0 ). The PCR products were purified using the Promega Wizard PCR clean up kit (Promega, Sydney, Australia) and sequenced by a provider (Macrogen Inc., South Korea) in both directions separately by using the forward and reverse primers. The sequence data were analysed with 4Peaks. Different types of mutations including IS transpositions in cycA in Cyc R mutants were determined by aligning the sequences with the fully sequenced BW2952 genome (Ferenci et al. 2009 ).
For simplicity, the identified mutations were categorized into four major mutational types: BPSs, SBIs, large deletion and insertion indels, and transpositions involving several IS elements. Rate per generation per gene for each major type of mutations were then estimated on the basis of their frequency in PCR sequenced Cyc R mutants for each of the three test strains and the overall mutation rate for the cycA gene based on Cyc R mutant determined by the fluctuation test as described above. The mutation frequency of each class of mutation was calculated by dividing the observed number of mutations by the total number of clones used for sequencing. Similarly, mutational profiles for the individual types of mutations within the major classes were determined from their individual rates of occurrence and the overall mutation rate for the cycA gene.
Statistical Analysis
The upper and lower limits with a 95% confidence interval of overall mutation rates were determined by the FALCOR web tool (Hall et al. 2009 ) on the basis of at least 40 replicate cultures from fluctuation tests.
For mutational spectrum data, statistics were performed on the basis of mutation frequency in three to four independent experiments. The DNA sequences were from 33 to 57 Cyc R colonies from as many as replicate isolations in each batch. The number of isolates in each batch is shown in supplementary table S1a-c, Supplementary Material online. The mutation rate for each type of mutation was first determined for each batch on the basis of their frequency and overall mutation rates for the cycA gene. A total of 485 Cyc R mutants; 123 from BW5205, 201 from BW5206, and 161 from BW5208 were used. The mean were then used for statistical analyses. We applied the one-tailed two-sample equal variance student t-test to determine P values. We considered P < 0.05 as significant and all values are expressed as mean AE SD.
Supplementary Material
Supplementary table S1 and figures S1-S3 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/). BW2952 rpoSleader::bla (constructed using primer set rpoSF and rpoSR1) 0.309 (Maharjan et al. 2013 ) BW5206 BW2952 rpoSleader:: bla (constructed using primer set rpoSF and rpoSR2) 0.003 (Maharjan et al. 2013 ) BW5208 BW2952 rpoSleader:: bla (constructed using primer set rpoSF and rpoSR4) 0.723 (Maharjan et al. 2013) 
